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Squamous cell carcinoma (SCC) of the oesophagus 
dominates the oesophageal cancer landscape in the 
Middle East, Africa, Asia and parts of Europe. The 
global incidence rates are highest in Northern China, 
South Africa (SA), Turkey and Iran. In the USA, 
black people have a five times higher incidence than whites.[1]
SCC of the oesophagus is common among black South 
Africans. [2] From 1912 to 1927, no case of SCC of the oesophagus 
was recorded in the files of the South African Institute for Medical 
Research.[2] The tumour started to appear in small numbers in the 
1930s, reached a peak in the 1980s and then started to decline, 
so that today the numbers are one-fifth of what they were at 
their highest. Based on the premise that a carcinogen exerts its 
tumorigenic effect for approximately 30 - 40 years for a tumour 
to manifest, a cause was sought dating from 30 years prior to the 
1930s when the tumour first appeared. Among various potential 
causes considered, a dietary change emerged as a potentially 
significant factor.[2]
A major dietary alteration at the turn of the 20th century was 
the change of the staple diet of black Africans from sorghum 
to maize. This is considered a pivotal factor in the causation of 
SCC of the oesophagus.[3] The probable reason for the change 
was that agricultural production of maize was more profitable, 
and although sorghum can grow in harsh environments, the 
yields are lower. Of note, sorghum is the staple diet of Nigeria, 
where SCC of the oesophagus is infrequent.[4] SA, where maize is 
the staple diet, has a high incidence of SCC of the oeso phagus.[3]
The fungus Fusarium moniliforme grows freely on maize, but poorly 
on sorghum.[5] Mouldy cereals containing the fungus F. moniliforme 
have been suggested to play a significant role in the causation 
of oesophageal cancer.[6] Fusarium produces a toxin, fumonisin, 
which reduces nitrates to nitrites and in the presence of secondary 
amines synthesises nitrosamines. Nitrosamines are the suggested 
carcinogens.[7]
Traditional beer was produced by fermenting maize (often with 
sorghum added) in iron containers that, as they rusted with the 
passage of time, released large quantities of iron into the beer, which 
was deposited in tissues as haemosiderin.[8] A postmortem series 
demonstrated that the level of iron overload, reflected in the amount 
of haemosiderin in the tissues in males and females dying of natural 
causes, correlated with traditional beer consumption.[9] A subsequent 
postmortem study of patients dying of oesophageal carcinoma 
showed much higher tissue haemosiderin levels, indicating that 
they had consumed considerably more traditional beer than control 
patients dying of other illnesses. This suggested the possibility of 
carcinogens in traditional beer. Haemosiderin levels can therefore be 
used as a surrogate marker of traditional beer consumption. It has 
been proposed that the fall in the incidence of SCC of the oesophagus 
among black South Africans reflects diminished consumption of 
traditional beer.[8,9]
The current study focused on highlighting the number of cases 
of SCC of the oesophagus from 1912 to 2010, as well as confirming 
the presence of carcinogenic N-nitrosamines via high-performance 
liquid chromatography (HPLC) and the interaction of N-nitrosamines 
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with S100A2 protein to determine the 
actual mechanisms of this interaction using 
molecular docking studies. The S100A2 
protein is an endogenous protein that is a 
normal component of the oesophageal wall, 
and its altered expression has been associated 
with ‘tumor progression and prognosis’.[10]
We proposed that the carcinogenic prop-
erty of N-nitrosamines in the oeso phagus 
may alter the expression of the S100A2 pro-
tein by changing its 3D confor mation and 
hence its normal function ing.[11,12] To date, 
however, there have been no robust studies 
to quantitatively prove this interaction.
Methods
Study design and data collection
At the turn of the 20th century, pathology 
services at most SA public hospitals were 
provided by the South African Institute 
for Medical Research (SAIMR). In 1951, 
the SAIMR established the Department 
of Anatomical Pathology at Baragwanath 
Hospital, Johannesburg. Subsequently 
the National Health Laboratory Service 
administered the public sector pathological 
services in SA. The data reported in this 
study were obtained retrospectively from the 
records of the Department of Anatomical 
Pathology situated at Johannesburg and 
Chris Hani Baragwanath hospitals to assess 
the frequency of SCC of the oesophagus in 
black South Africans from 1912 to 2010.
Detection of N-nitrosamines in 
traditional beer 
Six samples of traditional beer were obtained 
from four traditional brewers (brewers A, B, 
C and D) in rural areas in the proximity 
of Kimberley, a town in the Northern Cape 
Province of SA. Three specimens were obtained 
from brewer A and one each was obtained from 
brewers B, C and D. For statistical robustness, 
each of the six samples was analysed in trip-
licate (N=18) by HPLC (Waters Model 1525 
Breeze, USA) using a fluorescence detector 
(Acquity UPLC Fluorescence FLR, USA) with 
excitation and emission wavelengths at 350 nm 
and 530 nm, respectively.
Reference standard and sample 
preparation
A nitrosamine mix stock solution containing 
seven N-nitrosamines, namely N-nitroso-n-
methy l ethylamine (NMEA), N-nitrosodi-n-
butylamine (NDBA), N-nitrosodi-n-propyl-
amine (NDPA), N-nitrosodiethylamine 
(NDEA), N-nitrosodimethylamine (NDMA), 
N-nitrosopiperidine (NPIP) and N-nitroso-
pyrrolidine (NPYR), was purchased from 
Sigma Aldrich, Germany. Individual reference 
standards of NDBA, NDEA, NDMA and 
NPYR, known oesophageal carcinogens, were 
also purchased from Sigma Aldrich. A mix 
standard solution containing 0.1 mg of each 
of the seven N-nitrosamines was prepared 
from the stock according to the method 
established by Wang et al.[13] Individual 
reference standards of NDBA, NDEA, 
NDMA and NPYR were also prepared 
separately for identification purposes.[11]
Molecular docking studies
Quantitative molecular docking studies 
were performed to determine the degree of 
N-nitosamine-S100A2 interaction and the 
affinity of the N-nitrosamines for the S100A2 
protein. All computations were completed 
online at www. dockingserver. com, hosted 
by Virtua Drug Ltd, Hungary. Gasteiger 
partial charges were added to the ligand 
atoms. Non-polar hydrogen atoms were 
merged, and rotatable bonds were defined. 
Docking calculations were carried out 
on the NPYR-S100A2 model using the 
Lamarckian genetic algorithm. Each 
docking experiment was derived from ten 
different runs that were set to terminate 
after a maximum of 250 000 energy evalua-
tions. The population size was set to 150. 
During the search, a translational step of 
0.2 Å, and quaternion and torsion steps of 
5 were applied.[14]
Results 
An analysis of the results presented in Fig. 1 
shows a dramatic increase in the frequency of 
SCC of the oesophagus from the 1970s to the 
1990s. The tumour started to manifest in the 
1930s with an average of four cases per annum, 
increasing rapidly to nine cases per annum 
in 1940 - 1949 and 167 cases per annum in 
1970 - 1979. Fig. 1 depicts the rising frequency, 
showing the numbers from 1970 to 2010 in 
greater detail. The frequency reached a peak 
of 255 in 1987. The numbers then started to 
decline, and for the past 10 years have averaged 
41 cases per annum.
Results of HPLC analysis
The traditional beer specimens were analysed 
for the presence of potentially carcinogenic 
N-nitrosamines by HPLC (Table 1). The 
chromatogram of the reference standard 
displayed the elution of NDMA, NPYR, 
NDEA and NPIP at a concentration 
of 0.1 mg/mL. All 20 mL aliquots of the 
traditional beer samples revealed the 
presence of the experimental carcinogens 
NDMA, NDEA and/or NPYR. The HPLC 
chromatograms revealed the clear separation 
of five of the nitrosamines at their respective 
retention times.




NDMA NDEA NDPA NPYR NDPhA
Brewer A1 + + - + -
Brewer A2 - - - + -
Brewer A3 + - - - -
Brewer B + - - - -
Brewer C + + - - -
Brewer D + - - + -
NDPhA = N-nitrosodiphenylamine.
















































































































































































Fig. 1. Annual number of cases of SCC of the oesophagus, 1970 - 2010.
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Molecular docking of 
N-nitrosamines with  
the S100A2 protein
The molecular stability of a ligand/protein 
complex was determined by calculating the 
final binding energy on the complex, where 
a negative energy of binding confirms that 
the complex is stable and its formation is 
favoured. These NPYR/S100A2 complexes 
represented a negative established free energy 
of binding (–4.92 kcal/mol) resulting from the 
various intermolecular energies. The binding 
mode of NPYR and the S100A2 protein had 
an established inhibition constant with a 
concentration value of 247.28 μM and a large 
interaction surface at a frequency of 100%. 
These results confirm the high affinity and 
interaction of NPYR with the S100A2 protein.
Molecular docking analysis of 
the N-nitrosopyrrolidine-S100A2 
interaction complex 
The binding mode achieved in the molecular 
docking studies is presented in Fig. 2. An 
established inhibition constant and a large 
interaction surface with a frequency of 100% 
occurrence was displayed in accordance with 
the modelling parameters. This confirmed 
the high affinity of NPYR towards the S100A2 
protein. Furthermore, it was predicted that 
owing to the high affinity of the molecular 
complex for S100A2, NPYR is able to alter the 
expression of S100A2. This leads to failure of 
the functional complex and its complementary 
derivatives, cell differentiation and node 
metastasis, and cell cycle progression, and 
eventually induces carcinogenesis.[10,11]
Discussion
From 1912 to 1927, not a single case of SCC 
of the oesophagus was documented in the files 
of the SAIMR.[2] The tumour started to appear 
in small numbers in the 1930s, increasing 
annually to reach a peak of 255 cases in 1987. 
The frequency then started to decline to the 
current average of 40 per annum.
The recent fall in the number of SCCs of the 
oesophagus is probably a result of diminished 
consumption of traditional beer. In the 
apartheid era, the black people of SA were not 
permitted by statute (the Natives (Urban Areas) 
Act No. 21 of 1923) to buy regular liquor, and 
were permitted only to drink traditional beer. 
It is hypothesised that SA blacks now have 
free access to regular liquor and are drinking 
less traditional beer. The tumour has fallen 
in frequency to one-fifth of its highest level, 
without any input from the medical profession 
or the pharmaceutical industry.
The premise of the current study is that 
carcinogenic nitrosamines in fungal-infected 
traditional maize-brewed beer are the cause 
of SCC of the oesophagus. Segal et al.[15] 
concur with this view. The hypothesis receives 
support from studies in HPLC and molecular 
docking. It was possible to separate all seven 
N-nitrosamines found in the N-nitrosamine 
mix standard.[13] Based on a comparison with the 
N-nitrosamine mix standards, NDMA, NPYR 
and NDEA, all carcinogenic nitrosamines, were 
identified in the traditional beer samples. The 
critical interaction between NPYR and the 
S100A2 protein demonstrates the role these 
nitrosamines may play in the development of 
SCC of the oesophagus. Molecular docking 
analysis confirms the potential mechanism 
of N-nitrosamines in the pathogenesis of 
oesophageal SCC. Nitrosamines may act on 
the S100A2 protein, causing conformational 
changes in the protein that alter its normal 
functioning.[10,11]
The current research is the culmination of 
a sequence of earlier studies. In 1950 Walker 
and Arvidsson[16] demonstrated that there was 
excess iron in the diet from iron utensils used 
during the preparation of traditional beer. In 
1962, Bothwell and Isaacson[9] quantitatively 
assessed the postmortem haemosiderin content 
of organs of patients dying of natural causes, and 
Isaacson et al.[8] showed in 1985 that the organs 
of patients dying of SCC of the oesophagus 
contained considerably more haemosiderin, 
as a marker of traditional beer consumption, 
than control patients, indicating that they had 
consumed more traditional beer than the 
controls.
In 2005 Isaacson[3] postulated that the change 
of the staple diet from sorghum to maize at the 
turn of the 20th century played a significant 
role in the causation of SCC of the oesophagus. 
In the current study, HPLC identified 
carcinogenic N-nitrosamines in traditional 
beer, while molecular docking elucidated 
the probable mechanism of oesophageal 
carcinogenesis by N-nitrosamines.
The data presented in this article support the 
hypothesis presented by Isaacson[3] in 2005, and 
demonstrate a lag period of approximately 30 
years between the change in the staple diet and 
the increase in the incidence of SCC, supporting 
a dietary cause.[3] Furthermore, the current 
decrease in incidence may reflect a reduced 
consumption of traditional beer in favour of 
commercially brewed products.
N-nitrosamines have been shown 
experimentally to produce cancer, but there 
has been no conclusive epidemiological 
evidence to show that they are carcinogenic 
to humans.[17] In October 2009, the US 
Environmental Protection Agency listed 
five nitrosamines as ‘probably carcinogenic 
to humans’: NDEA, NDMA, NDPA, NPYR 
and N-nitrosodiphenylamine (NDPhA). [18] 
Our study has identified carcinogenic 
N-nitrosamines in six out of six beer samples, 
and is the first to demonstrate carcinogenic 
N-nitrosamines in traditional beer. It is 
suggested that these N-nitrosamines play a 
major role in the causation of SCC of the 
oesophagus.
Conclusion
This study may be the first to demonstrate a 
link between carcinogenic N-nitrosamines 
and a human tumour.
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Fig. 2. The best conformational binding mode 
between NPYR (blue) and S100A2 (yellow).
